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Undoped  BaTi03  perovskite  oxide  is  more  effective  than  SrTi03  and  La2Ti207  oxide  as  anode  catalyst  in 
SOFC  fueled  with  H2S-containing  methane.  Electrochemical  performance,  impedance  spectroscopy  and 
other  characterizations  show  that  pure  BaTi03  is  a  good  anode  catalyst  for  conversion  of  methane  in  SOFC, 
especially  in  H2S-containing  atmospheres.  Compared  with  SrTi03  and  La2Ti207  samples,  the  BaTi03-based 
fuel  cell  has  higher  resistance  to  carbon  deposition,  better  electrochemical  performance  and  much  higher 
stability  during  long  term  operation.  A  maximum  power  density  of  135  mW  cm-2  was  achieved  at  900  °C 
with  0.5%  H2S— CH4  in  a  fuel  cell  having  a  300  pm  thick  YSZ  electrolyte.  High  catalytic  activity  for  methane 
conversion,  mixed  electronic  and  ionic  conductivity,  and  the  surface  basicity  of  BaTi03  unexpectedly 
provides  promising  performance  as  anodes  in  SOFC. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  have  the  advantages  of  high  effi¬ 
ciency,  low  pollution,  simplified  mechanical  and  operating  system 
and  other  features  which  make  them  very  attractive  for  use  in 
energy  conversion  systems  [1,2].  SOFCs  are  suitable  for  many 
stationary  power  generation  and  back-up  power  applications. 
While  very  advantageous  from  a  practical  perspective,  currently 
available  fuels  for  SOFCs  usually  contain  deleterious  contaminants 
such  as  hydrogen  sulfide  (H2S)  or  carbon  monoxide  (CO).  A  corro¬ 
sive  and  extremely  toxic  gas,  the  concentration  of  H2S  present  in 
natural  gas  ranges  from  trace  amounts  to  more  than  80%  [3]. 
Natural  gas  which  contains  at  least  50  ppm  of  H2S  is  named  sour 
natural  gas,  which  needs  to  be  treated  before  transportation  and 
use  due  to  the  dangerous  and  corrosive  nature  of  H2S.  Gas  pro¬ 
cessing  plants  convert  this  toxic  gas  into  elemental  sulfur  and  water 
vapor  via  the  well-established  Claus  process  [4]. 

A  SOFC  with  H2S  tolerance  from  500  ppm  up  to  several  vol%  is 
highly  desirable  because  it  would  be  able  to  utilize  sour  natural  gas 
directly.  H2S  is  recognized  as  a  problem  in  operating  conventional 
SOFC  as  it  can  poison  typical  catalysts  and  is  corrosive  [5].  The  most 
efficient  H2  SOFC  catalyst  (Ni-YSZ)  to  date  is  poisoned  by  H2S  rapidly 
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either  to  form  a  sulfide  or  to  poison  the  anode  surface,  which 
significantly  degrades  its  activity  for  electrochemical  oxidation  of  H2 
[6,7].  Therefore  it  is  desirable  to  use  an  alternative  sulfur  tolerant 
anode  material.  The  perovskite  oxides  that  have  mixed  ionic  and 
electronic  conductivity  (MIEC)  are  used  as  alternative  anode  mate¬ 
rials  for  conversion  of  H2S-containing  feeds.  Compared  with  metal- 
based  anodes,  such  transition-metal-based  perovskite  oxides  are 
less  likely  to  promote  coking  or  suffer  from  sulfur  poisoning  [8]. 
Various  perovskite  oxides,  mostly  based  on  doped  strontium 
perovskite  oxides,  such  as  CeSrVOx  [5],  LaSrVOx  [9-14],  LaYSrCrOx 
[15],  LaSrCrMnOx  [16],  LaSrTi03  [17,18]  and  YSrTi03  [19]  have 
attracted  attention  as  the  anode  materials  for  SOFC  with  H2S-con- 
taining  fuels  since  they  show  high  electrical  conductivity  and 
chemical  stability  under  the  operating  conditions.  Some  other 
double-perovskite  structured  materials,  such  as  SrMgMoOx  [20]  or 
SrMgMnMoOx  [21]  also  were  considered  as  alternative  anode 
materials.  However,  to  date  the  electrocatalytic  activity  of  these 
anode  materials  for  SOFCs  using  H2S-containing  fuels,  especially  at 
high  H2S  concentration,  has  not  been  applied  widely. 

Recently  Vincent  et  al.  found  that  doping  of  Ba  into  LaSrTi03 
improved  anode  reaction  activity  [22].  Barium  oxide  based  catalysts 
were  found  to  be  very  active  for  the  oxidation  of  methane,  and 
there  are  many  reports  describing  methane  activation  using  Ba- 
based  oxides,  such  as  partial  oxidation  of  methane  (POM)  [23,24], 
methane  catalytic  combustion  [25,26],  and  oxidative  coupling  of 
methane  (OCM)  [27-29].  BaO  significantly  improved  the  catalytic 
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performance  of  GCI2O3  for  OCM  [28].  Also  it  was  found  that  BaO 
suppressed  carbon  deposition  at  the  SOFC  anode  when  methane 
was  the  fuel  [30,31].  Carbon  deposition  is  prevented  effectively 
during  the  decomposition  of  CH4  due  to  the  basicity  present  at  the 
anode  surface.  Among  these,  BaTi03  (BT)  has  been  extensively 
studied  for  both  partial  oxidation  and  combustion  of  methane  at 
high  temperature  since  BT  is  very  active  in  activation  of  both 
methane  and  oxygen  [23,24,32-34].  Besides  its  application  as 
catalyst,  BT  also  has  wide  application  as  a  major  material  in  modern 
electronics  technology  [35]. 

In  this  study,  we  developed  a  BT  anode  catalyst  with  high 
activity  for  methane  conversion  that  is  stable  in  hydrocarbon-  and 
F^S-containing  feeds.  The  stability  and  electrochemical  properties 
of  BT  as  anode  material  were  investigated  for  use  in  various  fuels, 
and  during  extended  runs  with  H2S  and  CH4  fuels.  For  comparison, 
two  other  perovskite  oxides,  SrTi03  (ST)  and  La2Ti207  (LT),  also 
were  tested  under  the  same  conditions.  The  intrinsic  differences 
between  these  catalysts  are  discussed. 

2.  Experimental 

2.1.  Catalyst  preparation 

The  various  catalysts  were  prepared  by  solid  state  synthesis 
from  high  purity  powdered  precursors:  BaCC>3  (Fisher,  99.4%), 


SrC03  (BDH,  99%),  La203  (Alfa  Aesar,  99.99%),  and  Ti02(BDH,  99.5%). 
Equimolar  amounts  of  the  powders  were  weighed,  M:Ti  (M  =  Ba,  Sr 
or  La),  and  ball  milled  for  15  h  to  mix  them  uniformly.  The  mixed 
powders  were  calcined  in  air  at  1200  °C  for  5  h.  Phase  purity  was 
determined  using  X-ray  diffraction  (Siemens  D5000,  Ni  filtered,  Co 
Kal ).  YSZ  was  a  commercial  powder  (TOSFIO)  and  used  as  received. 


2.2.  Fuel  cell  fabrication 

Fuel  cells  were  fabricated  using  commercial  YSZ  disks  (FCM, 
“fuelcellmaterials.com”)  as  electrolyte,  300  m  thick  and  25  mm  in 
diameter.  The  anode  and  cathode  were  intimate  mixtures  of  equal 
weights  of  YSZ  with  pore-precursor  PMMA  and  with  the  various 
titanate  oxide  catalysts  (anode),  or  with  commercial  strontium 
doped  lanthanum  manganite  (LSM)  powders  (cathode),  respec¬ 
tively.  The  mixtures  were  finely  powdered  in  a  planetary  ball 
milling  machine,  then  dispersed  in  glycerine  to  form  the  corre¬ 
sponding  electrode  inks.  Each  electrode  ink  was  screen  printed 
onto  the  opposed  faces  of  the  electrolyte  to  form  a  membrane 
electrode  assembly  (MEA)  with  circular  1  cm2  anode  electrodes, 
and  then  sintered  1  h  at  1200  °C.  After  sintering  the  combination  of 
anode  and  electrolyte,  1  cm2  platinum  paste  was  painted  on  the 
cathode  side  and  gold  paste  was  painted  on  the  anode  side,  then 
both  pastes  were  sintered  in-situ  to  form  current  collectors.  An 
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Fig.  1.  XRD  patterns  (Ni  filtered,  Co  Kal)  of  (a)  BaTi03;  (b)  SrTi03  and  (c)  La2Ti207  before  and  after  calcining  in  0.5%  H2S-CH4  at  950  °C  for  10  h. 
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annular  clear  area  adjacent  the  rim  was  at  both  sides  of  the  elec¬ 
trolyte  disk. 

2.3.  Fuel  cell  testing 

Single  cell  tests  were  performed  in  a  vertical  furnace  in  a  coaxial 
two-tube  (inlet  and  outlet)  set-up,  as  previously  described  [5]. 
Glass  sealant  (Ceramabond,  Aremco  Products)  was  used  to  seal  the 
outer  tube  (outlet)  directly  to  the  outer  edge  of  the  anode  side  of 
the  single  cell  electrolyte.  The  fuel  cells  were  tested  at  each 
temperature,  800,  850  and  900  °C,  consecutively.  Anodes  were 
reduced  in-situ  at  900  °C  before  tests.  The  cathode  side  of  each 
membrane  electrode  assembly  (MEA)  was  not  sealed  within  a  tube, 
and  its  compartment  was  supplied  with  air  flowing  at  75  mL  min-1. 
Methane  (CH4),  methane  with  0.5%  hydrogen  sulfide  (0.5% 
H2S-CH4),  hydrogen  (H2)  and  hydrogen  with  0.5%  hydrogen  sulfide 
(0.5%  H2S-H2)  were  used  as  fuels  and  fed  dry  at  75  mL/min.  The 
fuels  used  for  testing  were  sequenced  in  the  following  order:  H2, 
CH4,  0.5%  H2S— H2  and  0.5%  H2S-CH4.  Before  measurements,  the 
system  was  allowed  to  stabilize  following  each  change  of  temper¬ 
ature  and  feed.  Electrochemical  properties  were  measured  without 
any  compensation  at  10  mV/s  for  potentiodynamic  analysis  using 
a  Solartron  instrument  (SI  1287). 

2.4.  Chemical  stability  testing 

Chemical  stability  tests  were  conducted  by  treating  powdered 
samples  of  anode  materials  in  a  quartz  tube.  The  samples  were 
heated  in  a  stream  of  flowing,  highly  pure  N2,  held  at  950  °C  in  0.5% 
H2S-CH4  (Praxair)  for  10  h,  and  then  cooled,  again  in  a  stream  of 
pure  N2.  The  phase  compositions  of  the  fresh  and  treated  powders 
were  compared  using  XRD.  The  surface  composition  was  deter¬ 
mined  using  XPS. 

2.5.  Materials  characterization 

A  Siemens  D5000  Powder  X-ray  diffraction  (XRD)  system  with 
a  rotating  anode  and  a  Co  target  was  used  for  analysis  of  all 
synthesized  powders.  The  commercially  available  software  Jade® 
was  used  to  identify  phases  present  in  the  samples. 

A  Vega-3  (Tescan)  with  EDXS  detector  (INCA,  Oxford  Instru¬ 
ments)  emission  scanning  electron  microscope  (SEM)  was  used  for 
characterizing  cross-sections  of  MEAs.  X-ray  photoelectron  spec¬ 
troscopy  (XPS)  was  performed  on  samples  using  a  Kratos  Analytical 
AXIS  165.  A  monochromated  Al  Ka  ( hv  =  1486.6  eV)  source  was 
used  at  a  power  of  210  W,  with  a  base  pressure  of  3  x  10-8  Pa  in  the 
analytical  chamber.  Nitrogen  adsorption  and  desorption  isotherms 
were  recorded  at  77  K  on  an  automated  micromeritics  Tri-Star  3000 
apparatus.  Surface  areas  were  calculated  using  the  multipoint  BET 
equation. 

3.  Results 

3.1.  Materials  characterization 

X-ray  diffraction  was  used  for  phase  and  structural  analyses 
(Fig.  1 ).  The  XRD  patterns  of  fresh  BaTi03  (BT;  PDF#05-0626,  Fig.  la) 
and  SrTi03  (ST;  PDF#05-0634,  Fig.  lb)  showed  that  those  as- 
prepared  materials  possessed  perovskite  structures  with  a  cubic 
unit  cell.  However,  the  fresh  La2Ti207  catalyst  had  a  layered 
perovskite  structure  (LT,  PDF#27-1182,  Fig.  lc)  with  a  monoclinic 
unit  cell,  and  did  not  form  a  LaTi03  phase.  No  secondary  phase  was 
detected  for  these  samples.  The  BET  surface  areas  of  those  samples 
were  low,  around  1.0  m2/g,  a  typical  value  for  perovskite-type 
oxides  and  especially  for  those  prepared  from  solid  state  reactions. 


Scanning  electron  microscopic  (SEM)  studies  were  carried  out  to 
determine  the  morphology  of  catalysts  and  MEAs.  Fig.  2a  shows 
a  SEM  image  of  fresh  BaTi03  catalyst.  The  large  particles  formed  by 
aggregation  of  smaller  grains  with  particle  size  0.5-1  pm  Fig.  2b 
shows  a  cross-section  SEM  image  of  an  MEA  made  from  the 
mixture  of  YSZ  and  BT.  The  thicknesses  of  the  anode  and  cathode 
porous  layers  were  about  40  and  20  pm,  respectively. 

3.2.  Chemical  stability  tests 

Chemical  stability  tests  were  performed  to  determine  the 
carbon  and  sulfur  tolerance  of  the  various  catalysts  in  0.5% 
H2S— CH4  at  temperatures  as  high  as  950  °C  for  10  h.  XRD  analyses 
conducted  on  the  three  samples  before  and  after  the  chemical 
stability  tests  are  shown  in  Fig.  1.  Treated  BT  and  ST  retained  the 
structure  of  the  fresh  materials;  however,  trace  amounts  of  BaS  and 
SrS,  respectively,  also  were  detected  in  the  H2S  concentration  as 
high  as  5000  ppm.  The  extent  of  reaction  of  Ba(Sr)Ti03  with  H2S  to 
form  BaS(SrS)  and  Ti02  [36]  was  relatively  low  since  the  peaks  for 
BaS  or  SrS  were  small  and  no  Ti02  peak  was  detected.  No  discern- 
able  amounts  of  deposited  carbon  were  present  on  the  tested  BT 
sample,  in  contrast  to  ST  which  exhibited  a  graphite  (PDF# 


Fig.  2.  SEM  images  of:  (a)  as-prepared  BaTi03  particles;  (b)  cross-sectional  view  of 
BaTi03-  based  cell. 
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Fig.  3.  XPS  spectra  for  various  anode  catalysts  after  calcining  in  0.5%  H2S-CH4  at 
950  °C  for  10  h. 


08-0415)  peak  ascribed  to  methane  decomposition  at  high 
temperature  [5].  However,  the  situation  for  LT  was  much  more 
complex.  The  layered  perovskite  structure  was  destroyed  and 
amounts  of  sulfur  (PDF#  01-0478)  and  carbon  (PDF#  46-0943) 
were  detected  on  the  surface.  The  XRD  results  after  chemical 
stability  tests  showed  the  high  resistance  of  BT  to  carbon  deposi¬ 
tion,  in  contrast  to  ST,  LT,  and  previously  reported  CeSrVOx  (x  =  3,4) 
[5]. 

XPS  (Fig.  3)  characterizations  were  used  to  determine  the  near¬ 
surface  composition  and  near-surface  ion  electronic  states  of  the 


various  elements  after  chemical  stability  tests.  All  of  S,  C,  O,  Ti  and 
Ba  (or  Sr)  were  present  in  the  spectra  of  BT(ST),  while  only  C  and 
traces  of  0  and  S  were  found  in  the  spectrum  of  LT.  All  the  XPS  and 
XRD  results  showed  that  BT  is  a  carbon  and  sulfur  tolerant  catalyst, 
while  LT  is  not  stable  in  H2S-  and  CH4-  containing  atmosphere  at 
high  temperature. 

3.3.  Electrochemical  performance 

Potentialdynamic  tests  were  conducted  to  determine  the  elec¬ 
trochemical  activity  of  the  anode  material  for  conversion  of  each  of 
methane  and  H2S.  The  MEAs  were  tested  separately  at  900, 850  and 
800  °C  using  the  following  feeds:  pure  H2,  pure  CH4,  0.5%  H2S-H2 
and  0.5%  H2S-CH4,  in  the  same  sequence  as  listed  above.  All  the 
electrochemical  data  were  obtained  after  stabilization  of  each 
system  following  change  of  any  parameter.  Fig.  4  compares  the 
peak  power  densities  for  the  three  anode  catalysts  at  different 
temperatures  and  using  different  feeds.  In  pure  H2  (Fig.  4a),  the 
electrochemical  activities  were  similar,  and  were  poor,  for  all  three 
anodes.  However,  the  performances  were  enhanced  for  BT  when 
5000  ppm  H2S  was  added  to  the  feeds  (Fig.  4c).  The  performance  in 
pure  methane  fuel  over  BT  is  better  than  that  over  ST  or  LT  (Fig.  4b). 
Considerable,  obvious  improvements  in  power  densities  were 
observed  for  all  three  anodes  when  there  was  5000  ppm  H2S  in 
CH4.  All  data  show  that  BT  exhibited  a  better  (or  at  least  equal) 
performance  than  either  ST  or  LT  under  all  test  conditions,  and 
especially  when  the  feeds  were  pure  methane  or  0.5%  H2S-H2. 

Detailed  I—V  and  I—P  curves  for  the  three  cells  using  0.5% 
H2S— CH4  as  feed  are  compared  in  Fig.  5.  As  expected,  the  peak 
power  density  improved  as  temperature  increased  from  800  to 
900  °C.  For  BT-based  cell,  when  the  fuel  was  0.5%  H2S-CH4  the 
maximum  power  density  increased  to  135  mW/cm2  at  900  °C 
(Fig.  5a),  about  six  times  higher  than  for  pure  methane.  The 


a  b 


Fig.  4.  Current  density-voltage  and  power  density  curves  for  the  cells  with  different  fuels:  (a)  H2;  (b)  CH4;  (c)  0.5%  H2S-H2  and  (d)  0.5%  H2S-CH4  as  anode  feed  at  different 
temperatures. 
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electrochemical  performances  are  strongly  affected  by  reaction 
temperature,  thus  decreasing  significantly  as  reducing  tempera¬ 
ture,  especially  for  ST-based  cell.  This  may  be  due  to  the  lower 
conductivity  for  the  samples  at  lower  temperature.  There  was 
a  strong  mass  transfer  over-potential  for  BT-based  cell  at  higher 
current  densities,  which  may  be  attributable  to  limited  diffusion 
toward  the  active  surface  for  the  present  anode. 

It  is  very  interesting  that  the  performance  over  all  the  anode 
catalysts  initially  was  much  better  for  the  first  run  than  when  the 
system  had  stabilized,  especially  for  BT  samples.  Fig.  6  shows  the 
I—V  and  I—P  curves  for  the  first  and  second  runs,  and  compares 
them  with  performance  after  stabilization,  for  the  BT-based  fuel  cell 
using  0.5%  H2S-CH4  at  900  °C.  The  performance  initially  declined 
with  time  on  stream,  and  then  stabilized.  The  peak  power  density 
for  the  first  run  reached  277  mW  cm-2,  almost  double  the  value 
after  stabilization.  There  are  two  bends  for  all  the  curves.  The  first 
bends  for  the  first  and  second  runs  are  located  at  about  500  and 
350  mA/cm2,  respectively.  It  decreased  to  about  100  mA  cm-2  and 
was  not  very  obviously  for  the  stable  run.  It  has  been  proposed  that 
[17],  the  surface  of  the  electro-catalyst  becomes  partly  or  totally 
covered  with  a  layer  of  sulfur  before  running  a  cell.  Carbon  species 
will  also  be  formed  on  the  pellet  surface  in  the  decomposition  of 
CH4  activated  by  BaTi03,  as  discussed  later.  Therefore,  the  surface  is 
covered  with  both  carbon  and  sulfur  species  before  running  the 
test.  The  broad  bends  for  the  first  and  second  runs  may  be  attrib¬ 
uted  to  the  oxidation  of  accumulated  carbon  and  sulfur  on  the 
surface.  The  significantly  decrease  of  power  density  at  higher 
current  density  may  be  due  to  reduced  amount  of  accumulated 
carbon  and  sulfur,  as  well  as  limited  supply  of  oxygen  anions 
transferring  from  cathode  side  through  the  thick  electrolyte.  The 
unobvious  bend  for  the  stable  run  might  be  due  to  the  almost  run¬ 
out  of  the  accumulated  carbon  and  sulfur.  It  is  obvious  that  there  is 
a  strong  mass  transfer  over-potential  at  higher  current  densities  for 
the  stable  run. 

The  corresponding  impedance  spectra  under  the  open-circuit 
condition  using  0.5%  H2S-CH4  fuel  at  different  temperatures,  and 


Fig.  6.  Current  density-voltage  and  power  density  curves  as  a  function  of  time  on 
stream  for  a  BaTi03-  based  cell  with  0.5%  H2S-CH4  as  anode  feed. 


for  different  fuels  at  850  °C,  are  each  compared  in  Fig.  7.  These 
spectra  were  measured  after  stabilizing  the  cell  performance.  All 
the  impedance  curves  showed  low  ohmic  resistance  and  relatively 
high  polarization  resistance.  The  ohmic  resistances  (high  frequency 
intercept)  for  each  of  the  cells  was  similar.  The  slightly  higher 
resistance  of  the  LT  sample  was  attributed  to  partial  decomposition 
of  LT  oxide  since  LT  was  not  stable  in  FI2S  and  CH4  atmosphere,  as 
shown  in  the  chemical  stability  tests.  The  polarization  resistance  for 
ST  appeared  to  be  much  higher  than  for  BT  and  LT  anodes,  in 
agreement  with  the  I—P  results.  Both  ohmic  and  polarization 
resistance  were  reduced  as  the  temperature  was  increased. 
Although  the  electronic  conductivity  for  BT  is  relatively  low  (about 
0.01  S/cm  for  P02  10-15  atm  at  900  °C  [37]),  the  ohmic  resistance 
also  is  low  for  the  thin  layer  of  BT-YSZ  anode. 

Fig.  8a  shows  the  stability  of  performance  of  the  catalysts  in  0.5% 
FI2S— CIT4  over  a  20  h  period  at  850  °C  when  the  potential  was  held 


Fig.  5.  Current  density-voltage  and  power  density  curves  at  different  temperatures  for:  (a)  BaTi03;  (b)  SrTi03  and  (c)  La2Ti207  fuel  cells  with  0.5%  H2S-CH4. 
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Fig.  7.  Impedance  spectra  of:  (a)  the  various  cells  fueled  with  0.5%  H2S-CH4  at  850  °C; 
(b)  BaTi03-  based  cell  fueled  with  0.5%  H2S-CH4  at  different  temperatures. 


at  0.7  V.  There  was  a  rapid  degradation  in  current  density  and 
power  density  for  ST  and  LT  anodes,  in  contrast  to  BT  which  showed 
an  increase  under  the  same  testing  conditions.  When  the  holding 
potential  was  decreased  to  0.6  V  (Fig.  8b),  the  power  density  also 
increased  slightly.  There  was  no  degradation  of  BT  during  almost 
100  h  operation  at  either  0.6  or  0.7  V.  It  took  longer  to  stabilize  the 
performance  when  the  potential  was  held  at  0.6  V  than  at  0.7  V. 

3.4.  Characterization  of  the  anode  after  reaction 

The  anode  feed  was  shifted  to  pure  H2  immediately  after  the 
electrochemical  stability  test  was  finished,  and  the  temperature 
then  was  decreased  to  room  temperature  at  2.5  °C/min.  SEM  and 
EDX  were  used  to  characterize  the  MEAs  after  reaction.  Fig.  9  shows 
cross-sectional  views  of  the  anode  and  cathode  sides  of  a  BT-based 
fuel  cell.  It  is  clear  that  the  materials  had  not  decomposed  and  that 
interfaces  between  BT-YSZ  or  LSM-YSZ  each  retained  good  contact 
and  good  adhesion. 

The  SEM  images  of  the  selected  anode  surfaces  for  a  BT  cell,  as  an 
example,  are  shown  in  Fig.  9c.  It  can  be  seen  that  the  anode  was 
overlayered  with  highly  porous  gold  current  collector.  EDX  char¬ 
acterizations  were  performed  at  two  selected  points  for  each  cell. 


Taking  BT-based  cell  as  an  example  which  indicated  in  Fig.  9c,  Point 
1  was  on  the  BT-YSZ  surface,  while  point  2  was  on  the  gold  paste 
surface.  Results  for  the  various  anode  surfaces  after  electrochemical 
test  are  shown  in  Fig.  10.  M  (M  =  Ba,  Sr  or  La,  respectively),  Ti,  O,  Zr, 
Y  (trace),  C  and  S  were  all  present  at  point  1  for  each  sample, 
showing  that  the  catalyst  components  were  well  mixed  and  well 
distributed.  There  are  a  great  number  of  C  and  S  on  the  gold  paste 
surface  for  each  cell,  which  indicate  that  methane  can  be  decom¬ 
pose  on  the  whole  anode  surface  at  the  high  reaction  temperature 
and  the  cracked  carbon  was  deposited  on  the  anode  surface. 

4.  Discussion 

Perovskite  BaTi03  was  investigated  as  anode  catalyst  for  SOFC 
using  H2  or  CFI4  feeds,  with  and  without  5000  ppm  FI2S,  and 
compared  with  performance  of  SrTi03  or  La2Ti207  based  anode 
catalysts.  The  BT  catalyst  proved  to  be  a  much  more  carbon  and 
sulfur  tolerant  material  under  SOFC  operating  conditions,  active  for 
methane  oxidation,  and  achieved  stable  power  density  of  135  mW 
cm-2  in  0.5%  FI2S-CFI4  at  900  °C  in  a  fuel  cell  with  a  300  pm  thick 
YSZ  electrolyte.  To  the  best  of  our  knowledge,  this  is  the  first  time  to 
date  that  this  simple  and  typical  perovskite  oxide  was  used  as 
anode  catalyst  for  conversion  of  feeds  containing  both  FI2S  and 
methane. 

The  stable  power  density  achieved  was  significantly  higher  than 
that  using  previously  described  anode  catalysts  Lao.4Sro.45Bao.i5Ti03 
[22]  and  Ceo.9Sro.1VO3  [5].  In  comparison  with  the  ST  and  LT  anodes 
prepared  in  the  same  manner,  the  BT  catalyst  showed  much  higher 
electrochemical  performance  under  the  majority  of  testing  condi¬ 
tions,  and  better  stability  and  resistance  to  carbon  deposition  and 
sulfur  poisoning.  Based  on  comparisons  of  electrochemical 
performance  and  catalyst  characterizations,  the  great  differences  in 
catalytic  behavior  of  the  catalysts  are  attributed  to  several  impor¬ 
tant  distinctions  in  the  properties  of  BT  oxides. 

It  is  well  known  that  an  SOFC  generates  electricity  through  the 
reduction  of  02  to  02~  anions  at  the  cathode  side,  transfer  of  the 
anions  through  an  ion  conducting  and  electronic  insulator  elec¬ 
trolyte  (herein  commonly  used  YSZ),  and  finally  by  the  oxidation  of 
the  fuel  with  O2-  anions  at  the  anode  side,  with  release  of  electrons 
[38].  The  anode  must  be  an  ionic  and  electronic  conductor,  and  also 
a  catalyst  for  oxidation  of  the  fuel  by  02~  anions.  Therefore,  the 
anode  should  satisfy  several  important  requirements:  i.e.  thermo¬ 
dynamically  stable  under  anode  operating  conditions,  catalytically 
active,  electronically  and  ionically  conductive,  and  chemically  inert 
when  in  contact  with  electrolyte  and  interconnect  [39].  The  Ni 
particles  in  the  classic  Ni/YSZ  cermet  anode  serve  as  an  excellent 
catalyst  and  electron  conduction,  but  react  with  FI2S.  Undoped 
BaTiCU  is  a  nonstoichiometric  compound  which  possesses  a  mixed 
ionic  and  electronic  conductivity  throughout  an  extended  range  of 


Fig.  8.  The  current  density  as  a  function  of  time  with  0.5%  H2S-CH4  at  850  °C,  holding  the  cell  potential  at:  (a)  0.7  V  for  different  cells  and  (b)  at  0.6  or  0.7  V  for  BaTi03-  based  cell. 
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oxygen  partial  pressures  at  high  temperature.  Three  mass  transport 
paths  (the  oxide  ion  conduction  path,  the  electron  conducting  path 
and  the  gas  diffusion  path)  are  required  to  enable  a  porous  BT  anode 
catalyst  to  access  oxide  ions,  electrons  and  fuel  in  the  SOFC  system. 

4.1.  Catalytic  activity 

During  the  electrochemical  tests  we  found  that  the  performance 
for  the  first  run  was  much  better  than  subsequent  runs,  and 
decreased  gradually  to  reach  stable  performance  for  the  following 
runs  (Fig.  6).  To  gain  insight  into  the  reason  for  this  phenomenon, 
the  I—V  and  I—P  curves  were  determined  as  a  function  of  interval 


Fig.  9.  SEM  images  of  a  BaTi03-  based  fuel  cell  after  electrochemical  testing:  (a)  anode 
side  and  (b)  cathode  side;  (c)  the  selected  area  for  EDX  characterization  (Point  1  and 
Point  2  were  selected  to  perform  EDX  characterization). 


time  between  each  run  for  a  BT-based  cell  fueled  with  0.5% 
FI2S-CFI4  at  900  °C  (Fig.  11).  It  was  clear  that  the  peak  power 
density  increased  with  increase  in  the  length  of  the  interval  time 
between  tests,  and  the  maximum  power  density  was  about 
200  mW  cm-2  when  the  interval  time  was  10  min.  It  is  known  that 
methane  decomposes  over  BaTi03  at  high  temperature  [23].  There 
was  about  40%  conversion  for  partial  oxidation  of  CFI4  into 
synthesis  gas  at  750  °C  over  pure  BaTi03,  which  was  comparable  to 
the  performance  over  the  10%  Ni-doped  perovskite  material  [24]. 
The  first  step  in  the  CH4  decomposition  is  mainly  the  dissociation  of 
the  C— H  bond  to  form  carbon  species  on  the  pellet  surface.  When 
the  fuel  cell  was  operated  at  OCV,  no  current  was  produced,  thus 
there  was  no  O2-  anion  transfer  through  the  electrolyte  to  the 
anode  side.  Under  these  conditions  the  deposited  carbon  species 
accumulated  on  the  anode  surface,  and  the  accumulated  amount 
increased  with  length  of  the  interval  time.  Thus  those  carbon 
species  that  would  be  oxidized  to  COx  and  co-produce  electricity 
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Fig.  10.  EDX  spectra  of  the  various  anode  catalyst:  (a)  BT;  (b)  ST;  (c)  LT  performed  over 
MT-YSZ  surface  (see  Point  1  in  Fig.  9c)  and  (d)  three  samples  over  the  gold  paste 
surface  (see  Point  2  in  Fig.  9c). 
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Fig.  11.  Current  density-voltage  and  power  density  curves  as  a  function  of  waiting 
interval  time  between  each  test  for  the  BaTiOs-  based  cell  the  run  times  with  0.5% 
H2S-CH4. 

when  the  cell  was  operated  at  significant  current  density  did  not 
react  at  OCV. 

It  is  proposed  that  alkane  activation  was  initiated  through 
hydrogen  abstraction  from  CH4  by  the  lattice  oxygen  species  to 
form  methyl  radicals  and  finally  carbon,  even  in  the  absence  of 
additional  oxygen.  Lattice  oxygen  species  in  BaTi03  play  an 
important  role  in  such  catalytic  process.  Perovskite-type  oxide, 
such  as  BaTi03,  are  known  to  catalyze  methane  activation  and 
oxidation  at  high  temperature  using  lattice  oxygen  species 
[23,32-34].  Oxygen  vacancies  were  formed  during  the  consump¬ 
tion  of  lattice  oxygen,  as  well  as  formed  to  achieve  the  overall 
neutrality  during  partially  reduction  of  Ti4+  to  Ti3+  in  reducing 
atmosphere  [40].  The  density  of  oxygen  vacancies  was  reduced  by 
the  immigration  of  02~  anions  from  cathode.  Therefore,  the  process 
is  a  Mars-Van  Krevelen  type  of  mechanism  [41],  similar  to  that 
proposed  by  Sohrabi  et  al.  [42]  who  studied  the  kinetics  of  OCM 
over  CaTi03  catalyst  at  low  oxygen  partial  pressures  (less  than 
0.053  bar). 

4.2.  Conductivity 

BT  is  renowned  for  its  useful  electrical  properties,  such  as 
ferroelectricity,  piezoelectricity  and  a  high  relative  permittivity, 
giving  it  a  role  in  a  wide  range  of  applications  [43  ].  The  processing  of 
undoped  BT  under  reducing  conditions  at  high  temperature  results 
in  formation  of  oxygen  deficiencies  and  induces  semiconductivity 
arising  from  partial  reduction  of  Ti4+  to  Ti3+  ions.  The  lattice 
imperfections  in  the  present  reduced  BT  crystals  are  assumed  to  be 
oxygen  vacancies.  The  formation  of  an  oxygen  vacancy  in  a  BT  crystal 
affords  two  electrons  to  maintain  lattice  charge  neutrality. 

High  electronic  conductivity  is  required  in  the  thick  anode 
substrate  to  avoid  significant  ohmic  losses,  However,  it  has  been 
proposed  that  a  10  pm  thick  anode  functional  layer  needs  only 
a  modest  electronic  conductivity  to  function  effectively  [44]. 
Recently  it  was  demonstrated  [44]  that  mixed  ionic/electronic 
conductors  with  good  ionic  conductivity  but  only  modest  electronic 
conductivity  exhibit  much  better  electrocatalytic  activity  for  H2 
oxidation  than  those  electronic  conductors  with  negligible  ionic 
conductivity.  BT  is  a  mixed  ionic  and  electronic  conductor  (MIEC) 
throughout  an  extended  range  of  oxygen  partial  pressure 
(10  15  <  P02/atm  <  1);  the  electronic  (e-)  and  ionic  (O2-) 
conductivity  are  at  least  0.01  S/cm  and  7  x  10  5  S/cm  at  900  °C, 
respectively  [37,45].  This  type  of  electron/hole/ion  mixed  conduc¬ 
tion  is  relatively  rare  among  binary  oxides.  Although  the  electronic 
conductivity  for  BT  is  relatively  low,  the  ohmic  resistance  also  is  low 
for  thin  layers  of  BT-YSZ  anode.  Use  of  mixed  electronic  and  ionic 


conductors  extends  the  area  in  which  electrochemical  reactions 
occur  to  the  entire  electrode-gas  interfacial  area. 

4.3.  Basicity 

BT  exhibits  a  strong  resistance  to  carbon  deposition,  as  shown  by 
the  chemical  stability  tests.  Such  stability  against  carbon  deposition 
can  be  related  to  the  relatively  strong  basicity  derived  from  the 
barium.  Carbon  deposition  is  prevented  effectively  during  the 
reaction  of  CO2  with  CH4  by  doping  of  barium  into  a  supporting  Ni 
anode  [30].  In  humidified  or  dry  reforming  processes  the  basicity  of 
the  supporting  oxide  is  essential  for  avoiding  the  formation  of 
carbon  deposits  whereas,  as  is  well  known,  large  carbon  deposit 
formations  occur  onto  Ni  supported  on  acidic  oxides  such  as  Si02 
and  AI2O3  [46].  For  catalysts  containing  alkaline  earth  oxides, 
catalytic  performance  increases  with  increase  in  basicity  of  the 
alkaline  earth  oxides:  MgO  <  CaO  <  SrO  <  BaO  [47].  The  amount  of 
electrophilic  species  is  minimized  in  the  presence  of  barium, 
thereby  decreasing  the  surface  acidity  of  the  catalysts,  and  weak¬ 
ening  their  capability  to  retain  a  concentration  of  methyl/carbon 
species  on  the  surface  sites.  Thus  the  basicity  arising  from  incor¬ 
poration  of  Ba(Sr)  is  ascribed  as  the  cause  of  stronger  resistance  to 
carbon  deposition.  Hence  it  is  ascribed  the  greater  deposition  of 
carbon  on  LT  to  lower  basicity,  as  La  has  lower  basicity  than  either 
Ba  or  Sr. 

However,  though  the  catalytic  activity  and  chemical  stability  for 
BT  are  strong,  the  conductivity  of  BT  is  much  less  than  that  of  doped 
strontium  titanate  materials  such  as  LST  or  YST.  The  electro¬ 
chemical  performance  for  BaTiC^-YSZ  based  cell  is  relative  poor 
compared  with  that  reached  by  other  LSGM  electrolyte  cells  with 
anodes  such  as  the  double  perovskites  Sr2MgMo06  [20]  or 
SrMgMnMoOx  [21]  using  methane  with  low  H2S  as  the  fuel.  It  is 
worth  to  mention  that  we  used  the  electrolyte-supported  cell  and 
the  thickness  of  the  YSZ  is  300  pm.  In  addition,  YSZ  has  lower  ionic 
conductivity  than  LSGM,  especially  at  lower  temperature.  Since  BT 
is  flexible  in  doping  with  other  metal  cation  with  higher  or  lower 
valence,  it  is  possible  to  enhance  its  conductivity,  both  in  electronic 
and  ionic  immigration.  It  is  also  expected  to  enhance  the  electro¬ 
chemical  performance  when  other  component  with  higher  elec¬ 
tronic  conductivity  is  added  to  the  anode  or  when  the  particle  size 
of  BT  is  decreased. 


5.  Conclusions 

Undoped  BaTi03  perovskite  oxide,  prepared  using  solid  state 
method,  is  an  active  and  stable  anode  catalytic  material  in  SOFC 
fueled  with  CH4  or  H2,  and  especially  when  containing  5000  ppm 
H2S.  BT  catalyst  shows  high  resistance  to  both  carbon  deposition 
and  sulfur  poisoning.  Compared  with  SrTiCU  and  La2Ti207  as 
anodes,  BT-based  fuel  cells  produce  higher  power  density,  and  have 
much  better  stability  during  long  term  tests.  A  maximum  power 
density  of  135  mW  cm-2  was  achieved  at  900  °C  in  0.5%  H2S-CH4 
in  a  fuel  cell  having  a  300  pm  thick  YSZ  electrolyte,  which  is  much 
better  than  that  over  the  previously  described  anode  Lao.4Sro.45- 
Bao.i5Ti03  and  the  same  electrolyte.  The  promising  catalytic 
behavior  of  BT  samples  is  attributed  to  its  distinct  properties, 
including  high  catalytic  activity  for  methane  decomposition,  mixed 
electronic  and  ionic  conductivity,  and  high  surface  basicity. 
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